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[1] We present the first near‐real time (12min) measurements of fine particle (PM2.5) water
soluble ferrous iron (WS_Fe(II)) measured in two urban settings: Dearborn, Michigan
and Atlanta, Georgia. A new approach was used to measure WS_Fe(II) involving a Particle‐
into‐Liquid Sampler (PILS) coupled to a liquid waveguide capillary cell (LWCC) and
UV/VIS spectrometer. We found no clear diurnal trends in WS_Fe(II) at any urban site
studied. High temporal variability, however, was observed at all urban sites, where
concentrations often changed from themethod limit of detection (4.6 ngm−3) to approximately
300 to 400 ng m−3, lasting only a few hours. These transient events predominately occurred
during times of low wind speeds and appeared to be from local sources or processes. In
Atlanta, severalWS_Fe(II) events were associatedwith sulfate plumes, and highestWS_Fe(II)
concentrations were found in plumes of highest apparent aerosol acidity. At all locations
studied, WS_Fe(II) was poorly correlated (R2 < 0.34) with light‐absorbing aerosol,
indicating no direct linkage between mobile source emissions and enhanced WS_Fe(II)
concentrations. WS_Fe(II) measured within a prescribed forest‐burn was strongly
correlated with water soluble potassium (R2 = 0.88; WS_Fe(II)/WS_K = 15 mg/g),
pointing to biomass burning as a source of WS_Fe(II); however, peak concentrations
within the fire were low compared to transient events observed at the urban sites. Overall,
WS_Fe(II) temporal trends for these urban sites consisted of low background concentrations
with periodic short duration transient events that appear to be linked to unique industrial
emissions or atmospheric processing of industrial emissions that form WS_Fe(II).
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1. Introduction

[2] Iron is one of the most abundant transition metals
in atmospheric aerosols that exists in a variety of chemical
forms. As a redox–active metal, iron may be present in the
oxidation states Fe(II) and Fe(III) and can cycle between
these states through atmospheric processes that alter the
aerosol composition [Pehkonen et al., 1993]. The redox state
of iron affects its reactivity and solubility, properties that
determine environmental impacts, such as toxicity when
inhaled and bioavailability to ecosystems [Prahalad et al.,
2001; Shaked et al., 2005].

[3] Particulate iron catalyzes reactions through Fenton‐like
chemistry that produces reactive oxygen species (ROS),
including hydrogen peroxide, the hydroxyl radical, and oxi-
dized organic species [Tao et al., 2003; Vidrio et al., 2008;
Zhang et al., 2008]. Oxidative stress, triggered by toxic levels
of ROS, is thought to be one cause of adverse health effects
associated with aerosols due to mechanisms such as DNA
strand breakage and tissue or cell damage [Kelly, 2003].
Several studies reported that the soluble iron fraction is more
strongly correlated with ROS formation than the insoluble
iron fraction in aerosol particles [Prahalad et al., 2001; See
et al., 2007; Valavanidas et al., 2000]. In addition, the oxi-
dizing capacity of the atmosphere is also influenced by iron.
Oxidation of atmospheric S(IV) to S(VI) by O2 is catalyzed
by transition‐metals (Fe and Mn) [Brandt and van Eldik.,
1995, and references therein]. Recently, Alexander et al.
[2009] estimated that metal‐catalyzed (Fe and Mn) S(IV)
oxidation by O2 contributes between 9% and 17% of the
global atmospheric sulfate pool. Iron also plays an important
role in the global carbon cycle through effects on marine
productivity. Deposition of aerosol particulate iron is thought
to be a major source of soluble (bioavailable) iron to the open
ocean that is a critical micronutrient for phytoplankton met-
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abolic processes [Gao et al., 2003; Jickells et al., 2005; Lam
and Bishop, 2008].
[4] Several studies have reported measurements of partic-

ulate iron in remote marine environments to characterize
sources and assess the influence of iron on environmental
systems. Sources include mineral dust from arid regions
[Claquin et al., 1999; Journet et al., 2008], anthropogenic
emissions [Chuang et al., 2005; Sedwick et al., 2007], and
biomass burning emissions [Guieu et al., 2005]. Of the total
iron in ambient particles, the labile fraction available for
biological processes is generally a small fraction, typically
less than 1% to 10% inmarine regions. However, this fraction
can vary from less than 1% to nearly 50% depending upon
proximity to sources and time of day or year [Chen and
Siefert, 2004; Johansen et al., 2000; Zhu et al., 1993;
Zhuang et al., 1992]. In Barbados, Zhu et al. [1993] reported a
day/night pattern, showing an average daytime labile Fe(II)
concentration of 3.7 ng m−3 that was significantly higher than
nighttime concentrations of 1.5 ng m−3 in total suspended
particulates (TSP). Combined fine (particle diameter, Dp <
3 mm) and coarse (Dp > 3 mm) labile Fe(II) concentrations
within the marine atmosphere during the Indian Ocean
intermonsoonal period ranged from less than 0.4 ng m−3 to
4.75 ng m−3, in contrast to concentrations below the detection
limit (<0.34 to < 0.089 ng m−3) during the southwest mon-
soonal season over the Arabian seas [Siefert et al., 1999].
Johansen et al. [2000] reported a combined fine (Dp < 3 mm)
and coarse (Dp > 3 mm) labile Fe(II) concentration of 3.14 ng
m−3 in the North Atlantic marine atmosphere with a majority
(86%) of the Fe(II) in the fine mode. A few recent studies
have explored labile fractions of iron in urban environments.
Majestic et al. [2006] found a mean soluble PM10 Fe(II)
concentration of 19.6 ng m−3 in ambient samples from East
St. Louis, Illinois. Chuang et al. [2005] recorded a mean sol-
uble TSP Fe concentration of 32 ± 19 ng m−3 at Cheju, Korea.
[5] A variety of atmospheric processes can influence

aerosol iron speciation and water solubility. Photochemistry
and changes in particle pH are thought to be important
mechanisms. Several studies have documented that Fe(III)
photoreduction in the presence of organic compounds is an
important source of Fe(II) in cloud and fog water [Erel et al.,
1993; Faust and Hoigne, 1988; Faust and Zepp, 1993;
Pehkonen et al., 1993; Siefert et al., 1994]. More recent
studies suggested that transformation of mineral dust to more
labile forms of iron may occur via aerosol acidification
involving urban pollutants [Meskhidze et al., 2003; Solmon
et al., 2009].
[6] Atmospheric concentrations of water soluble Fe(II),

hereafter denoted as WS_Fe(II), have been predominately
measured by filtration techniques, where ambient aerosols are
collected on filters over extended periods of time and then
extracted into aqueous solution for subsequent analyses. The
relatively long sample integration periods inherent with this
method, typically 12 to 24 h, inhibits investigating variability
inWS_Fe(II) concentrations over shorter time scales. Sample
alteration during collection and analysis is also a potential
drawback of filter‐based methods. Interconversions of Fe(II)/
Fe(III) on the filter during sample collection, sample storage,
or the extraction process prior to analysis may result in
measurement biases [Majestic et al., 2006]. More highly
time‐resolved measurements have been shown to provide
new insights into Fe sources [Kidwell and Ondov, 2004] and

may also improve our understanding of chemical processes
that alter iron’s redox state.
[7] This study presents the first near‐real time and con-

tinuous measurements of WS_Fe(II) (focusing mainly on
PM2.5) made at a number of urban sites in the eastern
United States: Atlanta, Georgia; Dearborn, Michigan; and a
prescribed burn in Ichauway, Georgia. These results are
compared with meteorology parameters and other highly
time‐resolved measurements of atmospheric species to char-
acterize WS_Fe(II) temporal variability in order to investigate
sources and atmospheric processes that may affect ambient
WS_Fe(II) concentrations.

2. Methods

2.1. Instrument for Online Sampling
[8] Concentrations of WS_Fe(II) in ambient aerosols were

measured continuously using a Particle‐into‐Liquid‐Sampler
(PILS) coupled to a portable ultraviolet visible light spec-
trometer (UV/VIS) (Ocean Optics, Dunedin, Florida, USA).
Detection of WS_Fe(II) was based on the ferrozine tech-
nique of Stookey [1970]. To provide sufficient sensitivity, a
liquid waveguide capillary flow‐through optical cell (LWCC,
World Precision Instruments, Sarasota, Florida, USA) with a
long path length (100 cm) was utilized to measure optical
(VIS) absorption of the ferrozine‐iron complex. This fully
automated method, hereafter referred to as the PILS‐LWCC,
provides 12 min integral WS_Fe(II) measurements in aero-
sols with a limit of detection (LOD) of 4.6 ng m−3 and ana-
lytical uncertainty of ∼12%. The instrument was mainly used
to measure WS_Fe(II) in particles smaller than 2.5 mm
aerodynamic diameter by employing a PM2.5 cyclone inlet
(URG, Chapel Hill, North Carolina, USA). For one sampling
period (Atlanta, Georgia: November/December 2007), the
size‐selective inlet was removed to measure total WS_Fe(II),
where the upper size limit (50% efficiency) is estimated to be
approximately 10 mm diameter (denoted here as PM10). The
upper size cutoff is determined by the transport efficiency of
particles to the PILS (losses mainly due to settling) and PILS
collection efficiency [Orsini et al., 2003]. In the PILS‐
LWCC, the PILS system transfers particles to purified water,
which is collected in a polypropylene vial. After 12 min of
accumulation, the sample is pumped from the collection vial,
combinedwith ferrozine, and directed through several mixing
coils followed by the LWCC. The absorbance at 562 nm
(maximum absorbance ofWS_Fe(II)‐ferrozine complex) and
700 nm (nonabsorbing reference wavelength) is measured.
A four‐point calibration using ammonium iron(II) sulfate
acidified to pH 1 (typical R2 = 0.9999) was used to determine
the WS_Fe(II) concentration and was performed before and
after each field study. A WS_Fe(II) standard was analyzed
through the mixing system every week to check the precision
of the calibration curve. During field studies, dynamic blank
measurements were performed once or twice per day for
1–1.5 h duration to quantify any sample background, inter-
ferences, or other sampling artifacts. Mean blank concentra-
tions were subtracted from the data to quantify ambient
WS_Fe(II) concentrations. Rastogi et al. [2009] provides a
detailed description of the PILS‐LWCC and a comparison
between the PILS‐LWCC method and an integrated filter
collection technique. Although the PILS‐LWCC method
marks significant improvement from filter‐based methods in
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terms of characterizing WS_Fe(II) temporal variability and
identifying sources/sinks, a system capable of simultaneous
WS_Fe(III) measurements would providemuch greater insight
into sources and atmospheric processes that influence water
soluble iron concentrations.

2.2. The Sampling Sites
[9] Ambient concentrations of WS_Fe(II) from studies in

Dearborn, Michigan; Atlanta, Georgia; and a prescribed burn
of a forest under‐story biomass (Ichauway, Georgia) are
presented in this paper. The following section includes a short
description of each sampling site and additional instrumen-
tation used for measuring atmospheric components and
parameters used in the WS_Fe(II) data interpretation.
2.2.1. Urban Studies: Dearborn, Michigan
[10] The PILS‐LWCC with a PM2.5 inlet was deployed at

a public school parking lot in Dearborn, Michigan (42.307°N,
−83.150°W), a suburb ∼20 km southwest of central Detroit,
during the Lake Michigan Air Directors Consortium (LADCO)
winter field campaign from 19 January to 8 February 2008.
Detroit, Michigan, and its surrounding counties are consis-
tently nonattainment areas for PM2.5 National Ambient Air
Quality Standards. Hammond et al. [2008] have shown that air
quality in east and southwest Detroit (near Dearborn,Michigan)
is impacted by coal combustion, gasoline/diesel traffic, and
industrial sources (iron/steel manufacturing plants, oil refiner-
ies, sewage sludge incinerator, and automotive manufacturing
plants).
[11] The Dearborn sampling site was located in the center

of the River Rouge industrial area, where many point sources,
including power plants, steel mills, petroleum refineries, and
auto plants, are located within a 10 km radius, and mixed with
residential neighborhoods. A rail‐switching yard directly
south of the site and a steel mill that manufactures hot‐rolled
carbon steel sheet metal was approximately 1 km southwest
of the site. Significant heavy‐duty diesel truck traffic asso-
ciated with industrial activity was common on local streets.
[12] Supporting measurements taken at this site included

hourly concentrations of elemental and organic carbon (EC
and OC) using an on‐time OC‐EC analyzer (Sunset Labo-
ratory, Forest Grove, Oregon) following the NIOSH 5040
method. Hourly PM2.5 mass concentrations were measured
with a Tapered Element Oscillating Microbalance (Thermo
Fisher Scientific Inc., Waltham, Massachusetts). Hourly
averaged meteorological data were available from a local
meteorological station approximately 1km northwest of the
sampling site.
2.2.2. Urban Studies: Atlanta, Georgia
[13] To provide insight on seasonal variability, the PILS‐

LWCC was deployed in Atlanta, Georgia, during periods in
fall (PM10), spring (PM2.5), and summer (PM2.5) at two
different sites: Fire Station 8 (33.802°N, −84.435°W) and
Jefferson Street (33.776°N, −84.413°W). These sites are located
approximately 3–4 km from central Atlanta and are separated
by approximately 2 km.WS_Fe(II) measurements from these
sites offer a general representation of the air quality in met-
ropolitan Atlanta, although the Fire Station 8 site is known
to have locally high aerosol concentrations (annual average
higher by 1–2 mg/m3). Fire Station 8 is located in a mixed
industrial–commercial area with two large rail yards within
∼200 m. A fire station and traffic intersection with significant
diesel truck/automobile traffic are also located within ∼50 m

of the site. The Jefferson Street site is part of the Southeastern
Aerosol Research and Characterization Study (SEARCH)
andAerosol Research Inhalation Epidemiology Study (ARIES).
This site is located in a mixed commercial–residential area
and has a characteristic urban signature [Solomon et al.,
2003]. A Greyhound bus maintenance facility with frequent
diesel bus traffic during daytime hours and several busy
roadways with traffic intersections are located within ∼200 m
of the site. Hansen et al. [2006] provides a detailed descrip-
tion of the site. Receptor modeling of PM2.5 total iron from
this site has shown that it is mostly associated with vehicular,
industrial, and crustal sources [Liu et al., 2005].
[14] The PILS‐LWCC was operated at Fire Station 8 dur-

ing a 3 week fall period (16 November–8 December 2007)
without the cyclone inlet (PM10), a 1week spring period (16–
22 April 2008), and a 3 week summer period (1–20 June
2008) with the cyclone installed (PM2.5). Ancillary measure-
ments pertinent to the study included 5 min measurements of
light‐absorbing PM2.5 aerosol mass using an AE‐16 single‐
channel aethalometer (Magee Scientific Company, Berkeley,
California) and 1 min particle number concentration mea-
surements using either a Condensation Particle Counter
(CPC; TSI Incorporated, Shoreview, Minnesota) or an Opti-
cal Particle Counter (OPC; Met One, Grants Pass, Oregon)
and meteorology parameters. Later in the summer (4 August–
6 September 2008), the PILS‐LWCC (PM2.5) was moved to
the Jefferson Street site for the August Mini‐Intensive Gas
and Aerosol Study (AMIGAS) field campaign that included
the deployment of several continuous aerosol and gas‐phase
measurements. Semicontinuous measurements of PM2.5
major inorganic anions (SO4

2−, NO2
−, NO3

−, Cl−) and cations
(NH4

+, Na+, K+, Ca2+) were provided by a PILS coupled to
an ion chromatograph (PILS‐IC) [Orsini et al., 2003]. Five
minute averages of criteria gases (SO2, O3, and NOy), mete-
orological parameters, PM2.5 mass concentrations (TEOM;
Thermo Fisher Scientific Inc., Waltham, Massachusetts),
and 1 h averages of light‐absorbing aerosol (Aethalometer,
Model RTA8, Magee Scientific Company, Berkeley, Cali-
fornia) were provided by the existing techniques deployed
for the SEARCH study.
2.2.3. Biomass Burning Study: Ichauway, Georgia
[15] A prescribed burn performed in early March 2008 in

a longleaf pine and wiregrass forested region (∼400 acres)
provided the opportunity to characterize WS_Fe(II) emis-
sions from biomass burning. These prescribed burning activ-
ities were in Ichauway, Georgia (31.276°N, −84.472°W),
and organized by the Joseph W. Jones Ecological Research
Center. The PILS‐LWCC (PM2.5) and a suite of sampling
instruments were deployed directly adjacent to the burn area
to characterize aerosol and gaseous emissions. Water soluble
potassium (PM2.5), a tracer for biomass burning, was mea-
sured in 8 min integrals by an electrochemical technique
using an additional PILS. An Optical Particle Counter (Met
One, Grants Pass, Oregon) provided 1 min size‐resolved
number concentration (0.3–2.5 mm).

3. Results and Discussion

3.1. Dearborn Measurements: Urban/Industrial Site
in Winter
[16] The January 2008 Dearborn LADCO study afforded

an opportunity to measure PM2.5 WS_Fe(II) in an industrial
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setting during winter when atmospheric photochemical pro-
cesses are expected to be at a minimum. Measurements of
WS_Fe(II) were taken during a roughly 2 week sampling
period when the mean temperature was −3.3°C, but ranged
widely from −14.3°C to 17°C. Mean and median con-
centrations of PM2.5 WS_Fe(II) during the study were 17.7
and 9.8 ng m−3, respectively (see Table 1). The data show
significant temporal variability (Figure 1), with concentra-
tions ranging from below the detection limit (LOD) to 434 ng
m−3. During episodes of snowfall, representing roughly 30%
of the data, PM2.5 WS_Fe(II) concentrations were typically
below the detection limit of 4.6 ng m−3, likely due to the wet
deposition of WS_Fe(II) (Figure 1). The data suggest a
regional background concentration of approximately 10 ng
m−3 with frequent PM2.5WS_Fe(II) peaks (eight peaks in an
18 day period) ranging from 50 to 400 ng m−3 lasting for 6–
12 h. No correlation was found between PM2.5 WS_Fe(II)
and PM2.5 mass concentration during these peaks (R2 =
0.004, N = 48 for eight transient events), indicating that the
observedWS_Fe(II) was not linked to any other major PM2.5
chemical component. These higher PM2.5 WS_Fe(II) con-
centration events typically occurred during low wind speed
periods (Figure 1) suggesting influences from local emis-
sions. The wind roses of Figure 2 show that highest wind
speeds were predominately from the southwest, but highest
concentrations were mainly from the south. Industrial sources

located within 10 km to the south of the site include a coal‐
fired power plant, a cement kiln, a large petroleum refinery, a
wastewater treatment plant, and two steel mills. Correlation
between PM2.5 EC or OC and PM2.5 WS_Fe(II) throughout
the study were not significant (R2 = 0.03 and 0.12, respec-
tively, N = 323 (for both EC and OC analysis), based on
12 min WS_Fe(II) merged to the 48 min OC and EC mea-
surements) indicating that industrial emissions likely influ-
enced PM2.5 WS_Fe(II) rather than mobile emissions.

3.2. Atlanta: Measurements During Various Seasons
3.2.1. Overall Seasonal Variability and Transient
Events
[17] Measurements of WS_Fe(II) were completed in

Atlanta, Georgia, at Fire Station 8 during three different
seasons to investigate seasonal and temporal variability. In
addition to these measurements, the AMIGAS study during
August/September 2008 in Atlanta provided an opportunity
to measure WS_Fe(II) simultaneously with several other
atmospheric tracer species for a more comprehensive inves-
tigation of sources. Statistical summaries of WS_Fe(II)
measurements at the Atlanta sites are given in Table 1.
[18] The median WS_Fe(II) concentrations recorded at the

Atlanta Fire Station 8 site during fall, spring, and summer
were typically from LOD to 24.2 ng m−3, for both PM10 and
PM2.5, with highest concentrations in the fall associated with

Figure 1. Time series of PM2.5 WS_Fe(II) (black dotted line) and wind speed (shading) in Dearborn,
Michigan, during part of the 1 month study. The WS_Fe(II) LOD of 4.6 ng m−3 and precipitation rate is
indicated by the dashed black line and red open square line, respectively.

Table 1. WS_Fe(II) Statistics for All Measurements at the Various Sampling Sites During Different Seasonsa

Season Sample Period PM Size Min Max % Below LODb Mean Med Std Dev N

Fall Atlanta FS8 16 November 2007–6 December 2007 PM10 LOD 195 4.6 34.8 24.2 30.5 1401
Spring Atlanta FS8 16–22 April 2008 PM2.5 LOD 64.5 27.0 14.8 10.5 13.7 456
Summer Atlanta FS8 1–20 June 2008 PM2.5 LOD 356.1 36.7 13.4 6.9 28.3 2050
Summer Atlanta AMIGAS JST 10 August 2008–6 September 2008 PM2.5 LOD 41.8 49.7 5.1 4.6 3.6 1278
Dearborn, Michigan LADCO 19 January 2008–8 February 2008 PM2.5 LOD 434 30.2 17.7 9.8 26.3 1458

aAll concentrations are presented in nanograms per meter cubed at ambient temperature and pressure.
bLOD are included as a value of 1/2 LOD.
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PM10. The measured levels are of similar magnitude to
those reported for PM10 soluble (total = II + III) iron in Los
Angeles, California; East St. Louis, Illinois; and Waukesha,
Wisconsin (from 0.4 to 11 ng m−3) [Majestic et al., 2007] and
downwind of China (TSP 32 ng m−3) [Chuang et al., 2005].
However, these concentrations are roughly 1 to 2 orders of
magnitude higher than fine and coarse levels of WS_Fe(II)
recorded in remote marine regions [Johansen et al., 2000;
Siefert et al., 1999]. Fire Station 8 median concentrations
tended to be higher in spring compared to summer, and lowest
concentrations (median: 4.6 ± 3.6 ng m−3) were observed in
August and September during the AMIGAS study at the
Jefferson Street site. The observed seasonal variability could
be associated with differences in meteorology (e.g., prevalent
wind direction, boundary layer height) or chemical processes,
such as enhanced summertime photochemistry and oxidant
concentrations shifting iron away from the Fe(II) oxidation
state [Sedlak et al., 1997]. However, there is evidence for
redox chemistry playing a role in the WS_Fe(II) seasonal
trend since an extensive data set of total water soluble iron
collected from 24 h integrated Federal Reserve Method
FRM filters consistently shows higher total water soluble
Fe in summer (mean: 40–50 ng m−3 for June, July, August)
compared to fall/winter months (mean: 15–20 ng m−3 for
November, December, January, February) for several years.
In this method, iron was quantified by Inductively Coupled
Plasma–Optical Emission Spectroscopy (ICP–OES) or Induc-
tively Coupled Plasma–Atomic Absorption Spectroscopy
(ICP–AAS) on aliquots obtained through aqueous extraction
of FRM filters. Although the difference in our WS_Fe(II)
and the total water soluble iron seasonal trend may be
caused by differences in analytical techniques (ICP‐OES/
ICP‐AAS versus UV/VIS) and/or sample extraction (filter
vs. PILS), it may also be a direct result of WS_Fe(II) shifting
to a more oxidized state at times when photochemistry and
oxidant concentrations are expected to be enhanced (e.g.,
summer).
[19] The Atlanta Fire Station 8 data sets exhibited high

temporal variability in all seasons with concentrations rang-
ing from the LOD to approximately 200 ng m−3 in the fall,
and LOD to approximately 350 ng m−3 in the summer.
Figure 3 shows a time series of a multiday period during

November (PM10) and June (PM2.5), both at Fire Station 8.
In November, WS_Fe(II) concentrations varied during all
hours of the day (Figure 3a), a feature that was also observed
in the spring data set (data not shown). In contrast, temporal
variability during June measurements was largely driven by
unique transient PM2.5 WS_Fe(II) events that generally
occurred in the early evening and lasted for approximately 1–
2 h. Peak concentrations reached ∼200–350 ng m−3, which
were superimposed on a low WS_Fe(II) background of
∼10 ng m−3 that was present for most of the day. These events
consistently occurred over roughly a 16 day period and then
ended. A dramatic decrease in wind speed roughly 1–2 h prior
to these events was also observed (Figure 3b). Although wind
directions were variable at these peak WS_Fe(II) peak times
(consistent with low wind speeds), most peaks were associ-
ated with winds from the southern quadrants (southeast to
southwest). For a short period (2–3 days) during these events,
measurements were made of particle number concentrations
with a CPC (Dp range: 0.01 to > 1 mm) and OPC (Dp range:
0.3 to > 5 mm). PM2.5WS_Fe(II) peaks tracked well with the
CPC data but not with the OPC data, suggesting increases
only in the ultrafine particle number concentration (sizes
below ∼0.1 mm diameter). In addition, no correlation was
observed between PM2.5 WS_Fe(II) and the light‐absorbing
aerosol (e.g., soot; R2 = 0.0001, N = 101, for a total of seven
events). The combination of correlation with ultrafine particle
number concentrations and lack of correlation with black
carbon suggests that these WS_Fe(II)‐rich particles were
associated with fresh combustion‐related activity but were
likely not related to internal combustion engines (mobile
sources). Due to the clockwork nature of these transient
events around 2000 to 2200 every night, these events appear
to be related to a regular activity occurring near the sam-
pling site.
3.2.2. Transient Events: WS_Fe(II), SO2, SO4

2−

and Particle Acidity
[20] Additional transient PM2.5 WS_Fe(II) events were

observed in Atlanta during the 1 month (August–September
2008) AMIGAS study at Jefferson Street, but with much
smaller peak concentrations (typically 10–40 ngm−3). Because
this intensive study involved continuous real‐time measure-
ment of trace gas and aerosol composition, a more detailed

Figure 2. Wind rose plots for the Dearborn, Michigan study showing hourly mean meteorological param-
eters and PM2.5WS_Fe(II) concentration. (a) Wind speed (m s−1) versus wind direction, (b) PM2.5WS_Fe
(II) concentration (ng m−3) versus wind direction (a data point, 434 ng m−3, is off scale).
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analysis of the source of the observed WS_Fe(II) peaks was
feasible. These WS_Fe(II) events occurred during a 3 day
period when wind speeds (∼2.5 m s−1) were low, and the
highest PM2.5 mass concentrations (∼34 mg m−3) were
observed, suggesting stagnant atmospheric conditions. In
addition, the average PM2.5 sulfate (SO4

2−) concentration
increased to ∼7–10 mg m−3 from typical concentrations of
∼2–4 mg m−3. In general, these transient WS_Fe(II) events
tracked well with mid to late afternoon peaks in PM2.5 SO4

2−

concentration that were associated with SO2 peaks. Similar
late afternoon SO4

2− peaks have been observed in Atlanta
during the summer and are thought to result from the
entrainment of relatively nearby coal‐fired power plant SO2
emissions into the expanding daytime planetary boundary
layer, combined with afternoon photochemical production
of SO4

2− [Weber et al., 2003]. These events also tracked well

with PM2.5 mass data (data not shown), which is consistent
with large increases of PM2.5 SO4

2−, a major component of
PM2.5 in Atlanta. Figure 4 shows the average diurnal trends
for SO2, SO4

2−, and WS_Fe(II) (based on hourly averaged
data), and indicates that for all three compounds, increases
in concentrations were most often observed during late
afternoon.
[21] Figure 5 shows real‐time measurements of SO2, SO4

2−

and WS_Fe(II) compounds for the 3 day period during the
AMIGAS study. Although the SO4

2− peaks followed SO2
maxima data, the relative proportions in peak heights varied.
Differences in proportions of SO2 and SO4

2− for the various
plumes can be attributed, at least in part, to differences in
photochemical aging, where more aged plumes are expected
to have higher SO4

2− relative to SO2 due to photochemical
conversion of SO2 to SO4

2−. Photochemical age, for example,

Figure 3. Examples of WS_Fe(II) time series measured in Atlanta for 5 day periods during (a) fall and
(b) summer. The dotted black line represents WS_Fe(II) concentration, and the dashed black line repre-
sents WS_Fe(II) LOD (4.6 ng m−3). Wind speeds are also plotted (shading) when data are available.
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may account for the differences in proportions between SO2
and SO4

2− for peaks labeled A (more fresh) and B (more aged)
in Figure 5. During this time period, peak concentrations
of WS_Fe(II) tend to follow SO4

2− but not SO2. Event B
exhibited the highest SO4

2− and WS_Fe(II) concentrations
recorded for the AMIGAS study, but the associated SO2
maximum was clearly not the highest observed. These com-
parisons suggest that PM2.5 WS_Fe(II) was associated with
the SO2 plumes, but for the most part, WS_Fe(II) was not
emitted directly along with SO2. Several studies have shown
that coal‐fired power plant fly ash emissions contain iron
[Reddy et al., 2005; Smith, 1980], and this may be the source
of the WS_Fe(II) observed here; however, other factors
appear to influence the enhancement and/or stability of
WS_Fe(II). A few studies suggest that aerosol acidity may
play a role in enhanced WS_Fe(II) concentrations through an
influence on iron solubility and stability [Duce and Tindale,
1991; Meskhidze et al., 2003; Zhuang et al., 1992]; how-
ever, one study observed no relationship between increased

Fe solubility and atmospheric acidic species [Baker et al.,
2006]. At low pH values, the solubility of various forms of
insoluble iron, such as iron oxides, is enhanced, and trans-
formations between iron oxidation states are substantially
slower; thus, WS_Fe(II) may persist in the particle for longer
periods of time. During the AMIGAS study, it is possible that
either WS_Fe(II) or insoluble iron was internally mixed
with highly acidic SO4

2− particles formed by SO2 oxidation,
resulting in either increased stability of WS_Fe(II) or the
mobilization of insoluble iron to WS_Fe(II).
[22] For amore comprehensive analysis, SO2 andWS_Fe(II)

data for the entire AMIGAS study (August–September
2008) were merged onto the SO4

2− measurement 20 min time
scale. If SO2 concentration increased four times the back-
ground concentration of 1 ppbv during the entire study, the
peak was deemed a SO2 transient event. For each SO2 peak,
the average concentration increase relative to background
levels was determined for SO2, SO4

2−, and WS_Fe(II)
(denoted as DSO2, DSO4

2−, and DWS_Fe(II)). For example,

!WS Fe IIð Þ ¼
P

WS FeðIIÞi $WS Fe IIð Þb
! "

n
;

Figure 5. Sample time series during a 3 day period of the
AMIGAS study showing transient SO2 events and corre-
sponding PM2.5 SO4

2− and WS_Fe(II).

Figure 4. Mean (dotted black line) and plus/minus one stan-
dard deviation (shading) of hourly averaged data for PM2.5
WS_Fe(II), SO4

2−, and SO2 during August–September 2008
AMIGAS study in Atlanta. The dashed black line represents
the WS_Fe(II) LOD (4.6 ng m−3).
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where WS_Fe(II)i is the concentration recorded in the peak,
WS_Fe(II)b is the average of the WS_Fe(II) concentration
measured at the time just prior to and after the SO2 peak, and
n is the number of measurements made within the WS_Fe
(II) peak. In addition to this analysis, the degree of aerosol
acidity was assessed through an ion balance between the
suite of measured PM2.5 anions and cations, since aerosol
pH was not directly measured. Studies in Atlanta have
shown that the major ions associated with fine particles are
SO4

2− and NH4
+, with much smaller amounts of NO3

−

[Solomon et al., 2003]. Other ions (i.e., crustal elements) are
only minor components of Atlanta PM2.5 and do not sig-
nificantly contribute to the ion balance [Solomon et al.,
2003]. Ratios of (SO4

2− + NO3
−)/NH4

+ in equivalence units
that are greater than one result from an excess of SO4

2− and
NO3

− relative to NH4
+, which is likely balanced by the

unmeasured H+ cation and correspond to an acidic aerosol.
Aerosol particles near neutral will have anion/cation equiv-
alent ratios near one.
[23] A total of 17 SO2 peaks were observed during the

study, and Figure 6 shows theDWS_Fe(II) correlations with
DSO2, DSO4

2−, and the anion/cation ratio for each peak.
Unfortunately, during AMIGAS, there were few large sulfate
peaks; thus, the correlations tend to be dominated by the one
major peak (event B) observed in the afternoon of 15 August
2008, when the relative change in SO4

2− concentration was
∼8 mg m−3 compared to other peaks where the change was
in the range of 1–2 mg m−3. The results show a general
increasing trend between DWS_Fe(II) and apparent aerosol
acidity. The correlation with SO4

2− is also expected, since
plumes with highest sulfate are likely to be the most acidic,
due to titration of all available neutralizing ammonia.
[24] These data also suggest that the PM2.5WS_Fe(II) and

sulfate were internally mixed (present in same particles),
which in turnwould imply thatmostWS_Fe(II) was associated
with accumulationmode particles (the size thatmost secondary
sulfate particles occur). Given that the PILS‐LWCC only
measures WS_Fe(II) and no other online WS_Fe(III) and
total Fe were available during the AMIGAS study, the exact
sources of the iron in these plumes cannot be identified.
Thus, we cannot determine whether WS_Fe(II) or some

form of iron that was later acid‐processed to WS_Fe(II) was
coemitted with SO2. However, WS_Fe(II) does not appear
to have been emitted directly with the SO2. It is also possible
that catalytic conversion of SO2 to SO4

2– in aqueous drops
containing H2O2 by Fe(II) [Breytenbach et al., 1994] may
have played a role.
[25] The influence of SO2 plumes in the transient PM2.5

WS_Fe(II) events observed at Fire Station 8 cannot be
assessed since comparable time‐resolved SO2 or aerosol SO4

2−

measurements are not available. However, most of the June
Fire Station 8 events shown in Figure 3b were different from
those observed during the AMIGAS study, both in magnitude
and timing. In general, the Fire Station 8 peak concentrations
were significantly greater and were typically observed much
later in the day, often near midnight, thus suggesting different
sources or methods of processing of WS_Fe(II).
3.2.3. Diurnal Variability and Photochemical Processes
[26] Some studies have observed diurnal variability in

WS_Fe(II), possibly driven by photochemical processes. For
example, Willey et al. [2000] attributed daytime increases in
rainwater Fe(II) measurements to photoreduction processes.
This well‐studied mechanism for the formation of WS_Fe(II)
in atmospheric liquid water involves conversion of Fe(III)
complexed to specific organic acids (i.e., carboxylic acid
moieties) through a ligand‐to‐metal charge transfer yielding
reduced iron and an oxidized organic complex [Pehkonen
et al., 1993]. Other studies focusing on cloud water samples,
however, have not observed a diurnal trend of WS_Fe(II)
that is indicative of photochemical activity [Parazols et al.,
2006].
[27] To investigate if a persistent diurnal pattern inWS_Fe(II)

was present in our measurements, the data for each season
was binned into hourly mean WS_Fe(II) concentrations.
Figure 7 shows the diurnal variability for the Atlanta mea-
surements during three different seasons. Specific transient
WS_Fe(II) events were removed from the data set prior to
binning and averaging the data that were apparently associ-
ated with a source other than photoreductive processes, such
as the late evening transient events during the summer at Fire
Station 8 (Figure 7c), and all WS_Fe(II) associated with the
SO2 events during the AMIGAS study (Figure 7d). All other

Figure 6. DWS_Fe(II) correlation toDSO2,DSO4
2−, and the anion/cation equivalence ratio for each of the

17 SO2 peaks observed during AMIGAS.DWS_Fe(II) is the averageWS_Fe(II) concentration increase rel-
ative to background concentrations (average ofWS_Fe(II) recorded at the time just before and after the SO2
peak). For each plot the coefficient of determination (R2) is given for all data and when the largest peak dur-
ing Event B (open circle, also see Figure 5) is excluded.
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data are included in the averages plotted in Figure 7. Based on
this analysis, no net increase in WS_Fe(II) concentration was
observed during the daytime; therefore, we conclude that iron
photoreductive processes do not appear to have a significant
net effect on the ambient WS_Fe(II) concentration during the
periods studied at these sites. However, it is possible that
WS_Fe(II) was formed by photoreductive processes during
the study and then counterbalanced by the WS_Fe(II) lost
from oxidative processes, resulting in no net increase in
ambient concentrations during daytime hours.
3.2.4. Mobile Sources: WS_Fe(II) and Light‐Absorbing
Aerosol
[28] As discussed above, no correlation was observed

between PM2.5 light‐absorbing aerosol (or elemental carbon)
andWS_Fe(II) during the wintertime at Dearborn, Michigan.
A similar result was observed in Atlanta throughout all the
measurements at the Fire Station 8 and Jefferson Street sites
(R2 = 0.34, N = 744 fall (FS8); R2 = 0.04, N = 342 spring
(FS8); R2 = 0.004, N = 1637 summer (FS8); R2 = 0.01, N =
535 summer (AMIGAS), based on 5 min measurements of
light‐absorbing aerosol merged to WS_Fe(II) 12 min data
at FS8 and 12 min WS_Fe(II) data merged to 1 h light‐
absorbing aerosol data for AMIGAS). However, there are
studies showing a link between iron, mobile sources
[Hammond et al., 2008; Majestic et al., 2009], and EC
[Chuang et al., 2005]. Chuang et al. [2005] found a strong
relationship between 24 h integrated WS_Fe, believed to be
primarily WS_Fe(II), and EC (R2 = 0.7) as well as no asso-
ciation between enhanced iron solubility and mineral dust
events based on measurements from Cheju, Korea. They
conclude that theWS_Fe was better associated with the long‐

range transport of Asian anthropogenic emissions related to
combustion processes rather than processing of mineral dust.
We do not view these results as contradictory to our results.
Although EC is mainly linked to mobile emissions (in the
absence of biomass burning) in North America [Schauer,
2003, and references therein], this is not the case in Asia,
where it can be associated with coal or other forms of fossil
fuel emissions [Streets et al., 2001]. For our sampling sites,
mobile sources were not directly linked to enhancedWS_Fe(II)
concentrations. In Chuang et al. [2005], EC is not used as a
specific tracer of mobile sources, but rather as a more general
tracer of Asian anthropogenic emissions. Another possibility
for the poor correlation between EC and WS_Fe(II) during
our sampling periods may be that soluble iron from mobile
sources is predominately emitted asWS_Fe(III). Our findings
combined with those by Chuang et al. [2005] highlight that
more studies in different regions are required before we can
accurately assess the relationship between combustion sources
and water soluble iron.

3.3. Impact of Biomass Burn Aerosols on Urban
WS_Fe(II) Spatial Distribution
[29] Studies have reported total iron concentrations in

biomass burning emissions, which is typically a small portion
(i.e., less than 1%) of total burn emissions [Chen et al., 2007;
Lee et al., 2005; Yamasoe et al., 2000]. One study hypothe-
sized that biomass‐burning emissions may be a direct source
of water soluble iron in aerosols. This same study further
concluded that pyrogenic sources have only a minor impact
on the atmospheric flux of soluble iron to the atmosphere

Figure 7. Diurnal trends during different seasons in Atlanta, Georgia. For each plot, the dotted black line
represents mean hourly WS_Fe(II) concentration and the shaded area is plus/minus one standard deviation.
The dashed black line represents the WS_Fe(II) LOD. FS8 stands for Fire Station 8 site, and JST stands for
Jefferson Street site. Transient events were removed from Summer FS8 and Summer JST data prior to bin-
ning and averaging.
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(8.3 × 109 g yr−1), representing roughly 10% of soluble iron
from arid regions [Guieu et al., 2005].
[30] In this study, measurements of PM2.5WS_Fe(II) were

made in a prescribed burn to characterize fire emissions and
determine whether these emissions could have an impact on
Atlanta WS_Fe(II) concentrations. Figure 8 shows a time
series of particle number concentration (sizes between 0.3 to
2.5 mm diameter), PM2.5 water soluble potassium (WS_K),
and PM2.5 WS_Fe(II) during one period of the prescribed
burning. A clear relationship betweenWS_Fe(II) andWS_K,
a knownmarker for biomass burning [Andreae, 1983], shows
that PM2.5 WS_Fe(II) is associated with biomass‐burning
emissions. In these experiments, WS_Fe(II) and WS_K were
highly correlated (R2 = 0.88, N = 17), and based on linear
regression, the emission ratio of WS_Fe(II) relative toWS_K
was estimated at 15 ± 2 mg/g (intercept of 2.7 ± 3.1 ng m−3).
[31] Even within the region of burning, the highest PM2.5

WS_Fe(II) concentration observed was only 94 ng m−3. In
comparison to the urban measurements, this is less than peak
WS_Fe(II) levels recorded in Atlanta (∼200–300 ng m−3) or
Dearborn (∼400 ng m−3), suggesting that biomass burning
likely did not significantly contribute to the large transient
events observed (this is also consistent with lack of correla-
tion with light‐absorbing aerosol or EC).
[32] Wood burning also likely did not significantly contrib-

ute to the background (regional) concentrations of WS_Fe(II)
observed in Atlanta. For example, using the above emission
ratio, and an analysis of 2007 FRM filters in urban Atlanta
(South Dekalb, Georgia, Environmental Protection Division
(EPD) site), during winter when biomass burning is most
prevalent, a recorded mean WS_K concentration of 0.043 mg
m−3 corresponds to a PM2.5WS_Fe(II) concentration of only
0.7 ng m−3, which is below our instrument detection limit.
Moreover, in the spring of 2007, extensive fires in southern
Georgia at times severely impacted Atlanta air quality over
extended time periods. Based on 24 h integrated filter mea-
surements, maximum WS_K concentrations of 0.1 mg m−3

correspond to a WS_Fe(II) concentration of only 1.6 ng m−3.
Although this analysis is highly uncertain, when it is con-
sidered along with the relatively low PM2.5 WS_Fe(II)

concentrations recorded next to the fires, it suggests that
biomass burning was likely not an important contributor to
the WS_Fe(II) measured in the urban regions of this study.
Significant influence of biomass burning on ambientWS_Fe(II)
concentrations are likely limited to regions that experience
extensive forest fire impact in otherwise pristine environments.

4. Summary

[33] To date, filter‐based measurements with long (e.g.,
24 h) integration times have been used to quantify WS_Fe(II)
and characterize sources in various environments. This study
presents the first continuous and near‐real time WS_Fe(II)
measurements from a number of sites. The following findings
are reported:
[34] 1. Typical background PM10 and PM2.5 WS_Fe(II)

concentrations recorded in Atlanta, Georgia, and Dearborn,
Michigan, were on the order of tens of nanograms per cubic
meter, which is comparable to WS_Fe(II) measured in other
urban areas based on integrated filter sampling techniques.
[35] 2. Sampling at the various sites in Atlanta, Georgia,

during different seasons suggests a general trend: highest
mean WS_Fe(II) concentrations were observed in fall/winter
(mean: 34.8 ± 30.6 ng m−3) and lowest concentrations
recorded in summer (mean: 5.1 ± 3.6 ngm−3). Integrated filter
measurements in Atlanta, however, have shown an opposite
seasonal trend for total water soluble iron, with highest con-
centrations in the summer. These combined results may be
linked to a higher conversion rate of WS_Fe(II) to oxidized
forms of iron during periods of higher oxidant concentrations
(e.g., summer).
[36] 3. High WS_Fe(II) concentrations were typically

associated with frequent transient WS_Fe(II) events (∼1–
12 h) at the urban sampling sites in this study. In Dearborn,
event concentrations ranged from 100 to 400 ngm−3 andwere
likely associated with local industrial activity. At Fire Station
8 in Atlanta, unique summertime WS_Fe(II) transient event
concentrations ranged from 200 to 350 ng m−3 and appeared
to be linked to fresh combustion‐generated particles from
some unidentified activity near the site. Several transient

Figure 8. PM2.5 WS_Fe(II) (dotted black line), Optical Particle Counter number concentration (particles
larger than 0.3 mm diameter: shading), and fine particle WS_K (black open square line) during a prescribed
burn in Ichauway, Georgia, when the site was impacted by two plumes.
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WS_Fe(II) events in Atlanta were also found to be associated
with SO4

2− and SO2 peaks, with a general increasing trend of
ambient WS_Fe(II) concentrations with apparent particle
acidity. However, the actual source of iron in the transient
events at both the Detroit and Atlanta sites could not be
identified with our data set.
[37] 4. Daily 1 h averages of WS_Fe(II) concentrations

at all urban locations and seasons showed no evidence for
a significant or consistent diurnal trend, suggesting that
photoreductive processes did not result in a significant net
increase in ambient concentrations of WS_Fe(II) during our
study periods.
[38] 5. A poor correlation between WS_Fe(II) and light‐

absorbing aerosol (or elemental carbon) was observed at all
urban sites during all seasons, indicating that mobile source
emissions are not directly linked to enhanced WS_Fe(II)
concentrations.
[39] 6. WS_Fe(II) was associated with biomass‐burning

emissions based on a strong relationship observed between
WS_Fe(II) and WS_K (R2 = 0.88). An emission ratio of
WS_Fe(II)/WS_K = 15 mg/g (N = 17) was estimated based
on measurements within a prescribed burn of longleaf pine
and wiregrass in southern Georgia. Although significant
WS_Fe(II) increases in concentration were observed within
the prescribed burn (WS_Fe(II) range: 5–94 ng m−3), the
highest recorded WS_Fe(II) concentration near the burn
region was less than typical transient events in Atlanta. Bio-
mass burning likely impacts WS_Fe(II) in regions with high
biomass burning activity; however, it is not believed to have
had a significant influence onWS_Fe(II) in the urban regions
we studied.
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